High spatial resolution observations of the 12 CO(1-0), HCN(1-0), HCO + (1-0), and 13 CO(1-0) molecular lines toward the luminous infrared merger NGC 6240 have been performed using the Nobeyama Millimeter Array and the RAINBOW Interferometer. All of the observed molecular emission lines are concentrated in the region between the double nuclei of the galaxy. However, the distributions of both HCN and HCO + emissions are more compact compared with that of 12 CO, and they are not coincident with the star-forming regions. The HCN/ 12 CO line intensity ratio is 0.25; this suggests that most of the molecular gas between the double nuclei is dense. A comparison of the observed high HCN/ 13 CO intensity ratio, 5.9, with large velocity gradient calculations suggests that the molecular gas is dense [n(H 2 ) = 10 4−6 cm −3 ] and warm (T kin >50 K). The observed structure in NGC 6240 may be explained by time evolution of the molecular gas and star formation, which was induced by an almost head-on collision or very close encounter of the two galactic nuclei accompanied with the dense gas and star-forming regions.
Introduction
Luminous infrared galaxies (LIRGs) and ultra-luminous infrared galaxies (ULIRGs) are known to be huge molecular gas reservoirs [M(H 2 ) > ∼ 10 9 M ⊙ ]. The results of 12 and (2-1) observations reveal that this molecular gas is usually concentrated at the center of the galaxies (e.g. Okumura et al. 1991; Bryant, Scoville 1999) , and in general it forms a compact (radius < ∼ 1 kpc) rotating disk or ring (e.g., Downes, Solomon 1998; Sakamoto et al. 1999) . The molecular gas within the disk or ring often shows large turbulent motions, and the molecular line profiles exhibit large velocity widths of up to 1000 km s −1 . The physical properties, namely the density and the temperature, of the molecular gas in LIRGs/ULIRGs are still being studied. Single-dish HCN(1-0) observations (Solomon et al. 1992; Gao, Solomon 2004a ,2004b revealed that most of their molecular gas is supposed to be dense [n(H 2 ) > 10 4 cm
−3 ]. Single-dish observations of higher excitation 12 CO and 13 CO emissions suggest there is large amount of warm molecular gas (Aalto et al. 1995; Mauersberger et al. 1999; Yao et al. 2003) . For the denser and warmer molecular gas tracers (e.g. HCN, 13 CO), however, the spatial distributions in LIRGs/ULIRGs are still unknown, although the physical properties of gas are keys to understand the activity of LIRGs/ULIRGs (starburst in the nuclear region and/or AGN). Moreover, the spatial variations of the molecular gas density and the temperature in the circumnuclear regions of LIRGs/ULIRGs are still unclear. For such studies, high angular resolution observations of molecular lines with radio interferometers are needed, but only a few observations have been performed so far (e.g. Aalto et al. 1997; Radford et al. 1991 (Sanders, Mirabel 1996) . This galaxy is a merger, with clearly visible disturbed morphology and tidal tails in optical images. NGC 6240 also has double nuclei detected in a wide range of wavelengths from X-rays to radio (Komossa et al. 2003; Thronson et al. 1990; Scoville et al. 2000; Tecza et al. 2000; Colbert et al. 1994) . The apparent separation of the nuclei is 1. ′′ 5 (710 pc) in the 15 GHz radio continuum map (Carral et al. 1990 ). Each of the nuclei are accompanied by an intense massive star-forming region (e.g. Alonso-Herrero et al. 2002) , and both of them also host an AGN (Komossa et al. 2003) . Interferometric 12 CO(1-0) and (2-1) observations have been carried out by many groups (Okumura et al. 1991; Bryant, Scoville 1999; Tacconi et al. 1999 ). These observations show that about half of the molecular gas is concentrated in a rotating thick disk-like structure (∼ 500 pc diameter) between the double nuclei, but the motion of the gas is highly disturbed and shows large velocity dispersions. The total mass of the molecular gas within a radius of ∼ 500 pc is estimated to be 2-4×10 9 M ⊙ , which constitutes about half of the dynamical mass . Intense HCN(1-0) emission has been detected with the IRAM 30 m telescope (Solomon et al. 1992) . The obtained HCN/ 12 CO(1-0) intensity ratio is 0.15, which is a typical value for starburst galaxies, and suggests the presence of large amounts of dense molecular gas. In this paper, we present the results of interferometric observations of molecular emission lines toward the central region of NGC 6240. The main goal of this study is to reveal the location and distribution of dense gas and to constrain the physical properties of the molecular gas. We describe the observational parameters and data-reduction procedures in section 2, and the observational results of the 12 CO, HCN, HCO + , and 13 CO emission lines and continuum emission in section 3. In this section, we also refer to the observed molecular line intensity ratios and those characteristics. With these data, the physical properties of the molecular gas are discussed in section 4, and the evolutionary scenario of molecular gas and star formation according to the merging process is described in section 5. Finally, we summarize our study in section 6.
Observations and Data Reduction
Aperture synthesis observations toward NGC 6240 were carried out with the Nobeyama Millimeter Array (NMA) and the RAINBOW Interferometer at the Nobeyama Radio Observatory (NRO) between 1995 November -1996 March, and 2000 January -2003 April. The NMA consists of six 10 m-antennas equipped with cooled DSB SIS receivers. The RAINBOW Interferometer is a 7-element array combining the NMA with the NRO 45 m telescope, providing higher spatial resolution and sensitivity than those of the NMA.
We observed NGC 6240 in the following emission lines: 12 CO(1-0), HCN(1-0), HCO + (1-0), and 13 CO(1-0). Except for the 12 CO observations, the backend we used was the UltraWide-Band Correlator (UWBC; Okumura et al. 2000) . For the 12 CO observations, the old-FX correlator was employed (Chikada et al. 1987) . The quasars B1548+015, B1656+053, and B1655+077 were used for phase and amplitude reference calibrations; 3C 279, 3C 345, and 3C 454.3 were used for bandpass calibration. Uranus, Neptune, and Mars were used as absolute flux-scale calibrations for the amplitude calibrator. The uncertainties in the absolute flux scale were estimated to be ∼ 10% for each observation. The HCN and HCO + emissions were observed simultaneously within the same correlator passband. The uv-data were calibrated with the UVPROC-II software package developed at NRO (Tsutsumi et al. 1997) , and then imaged with natural UV weighting, and CLEANed, with the NRAO AIPS package. The detailed observational parameters are summarized in table 1.
Results
In this section we describe the distributions and kinematical properties of the observed emission lines and calculate the intensity ratios. Our HCO + and 13 CO interferometric observations are the first ones on NGC 6240. The observational results of continuum emission at 87 GHz and 108 GHz are also presented. Table 2 summarizes the observational results. Figure 1a shows integrated intensity map of the 12 CO(1-0) emission. (No primary beam correction has been applied to the maps presented in this paper.) The distribution of the 12 CO emission is more extended than the size of the synthesized beam, suggesting that it is mildly resolved. The peak of the 12 CO emission is located between the double nuclei defined by the 15 GHz continuum peaks (Carral et al. 1990) , not on either of them. Figure 2 shows the 12 CO velocity channel maps, and the 12 CO position-velocity map sliced along the double nuclei (the position angle is 20
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• from north to east) is presented in figure 3 . The velocity profile of the 12 CO line at the emission peak is presented in figure 4 , together with those of the HCN, HCO + , and 13 CO emissions. These plots reveal that the velocity width of the 12 CO line is extremely large.
The full width at half maximum is 420 km s −1 , and the full width at zero intensity (FWZI) is > 600 km s −1 [the recent interferometric observations (Bryant, Scoville 1999; Tacconi et al. 1999 (Solomon et al. 1992) .
1 A slight velocity gradient along the double nuclei is seen in the position-velocity map (see figure 3 ). The trend of the velocity gradient is the same as that in the 12 CO(2-1) map by Tacconi et al. (1999) ; the redshifted velocity components are in the north-east, and the blueshifted velocity ones are in the south-west. These results are consistent with the recent 12 CO(1-0) observations by Bryant and Scoville (1999) . Figure 1b shows the HCN(1-0) integrated intensity map. The continuum emission, which was detected by averaging line-free channels with an effective bandwidth of 376 MHz, was subtracted from the visibility data before creating the HCN synthesized image. Since the HCN emission is unresolved with our 2 ′′ beam, it must be more spatially compact than the 12 CO distribution. The emission peak is located between the double nuclei, within 0.
′′ 2 of the peak position of the 12 CO(1-0) emission. It should be noted that the HCN emission peak (and also 12 CO) is not coincident with the current star-forming regions traced by near-infrared (NIR) emission lines; the star-forming regions are associated with both of the double nuclei (e.g. van der Werf et al. 1993; Alonso-Herrero et al. 2002) . We will focus on this issue in section 5. The detected total flux of HCN emission is 14.1 Jy km s −1 , or ∼ 70% of single-dish flux obtained by Solomon, Downes, and Radford (1992) . The observed flux also agrees very well with the 1 Because of the limitation of bandwidth with the old-FX correlator, continuum subtraction before imaging could not be performed on the 12 CO data. In order to obtain the continuum-free 12 CO intensity, the continuum emission contribution is removed numerically. The way we employed is as follows. From the velocity integrated map within 767 km s −1 (figure 1a), we primarily obtained the total emission flux ( 12 CO + continuum) of 176.9 Jy km s −1 . A 112 GHz continuum flux of 11.2 mJy was estimated from the spectrum assuming a single power-law (S ν ∝ ν −0.81 ) between cm-wave and mm-wave (see also figure 6 ). Thus the total continuum emission contribution in figure 1a is estimated to be 8. interferometric data by Tacconi et al. (1999) . Figure 1c shows the integrated intensity map of HCO + (1-0) emission. An integrated intensity map of 13 CO(1-0) emission is presented in figure 1d , and emission is detected at the 4.1σ level. This is the first image ever of 13 CO emission from NGC 6240. The continuum emission was subtracted from the visibility data before creating the synthesized image. The flux of the 13 CO emission is much smaller than those of 12 CO and HCN.
The obtained total flux is about 60% of the single dish flux obtained by Casoli, Dupraz, and Combes (1992) . The synthesized beam size of the 13 CO map (4. ′′ 6×3. ′′ 5) is larger than those of 12 CO and HCN, and the emission dose not seem to be resolved. The peak of 13 CO also coincides with those of 12 CO, HCN, and HCO + .
Line Intensity Ratios
In this subsection, we briefly comment on the emission line intensity ratios, in brightness temperature scale, 2 for the molecular gas concentration between the double nuclei. Taking into account the relatively low spatial resolution of the 13 CO map, the line ratio is calculated using the integrated fluxes within the region of 4. ′′ 6×3. ′′ 5 (2.2 kpc × 1.7 kpc), which corresponds to the synthesized beam size of the 13 CO map. This area both contains the region between the double nuclei and the double nuclei, themselves. However, the emissions are almost concentrated between the double nuclei, and the peaks of the observed emission lines coincide with each other. Thus, the line ratios within the 4. ′′ 6×3. ′′ 5 region are representative of those between the double nuclei. The error of each ratio is calculated considering the absolute flux calibration uncertainty for each observation (10%) and the noise level of the emission line maps, except for HCO + /HCN. For the HCO + /HCN ratio, only the noise level of each emission line map is considered, because the HCN and HCO + line is observed simultaneously within the same passband of the correlator. We obtained a high HCN/ 12 CO ratio of 0.25 ± 0.04 at the region between the double nuclei. This contrasts with the total integrated intensity ratio of HCN/ 12 CO = 0.14 ± 0.02,
2
The relation between line flux (S) and brightness temperature (
where λ is the observed wavelength, k is the Boltzmann constant, and Ω B is the solid angle of the region in which the line ratio is calculated.
which agrees with the single-dish values reported by Solomon, Downes, and Radford (1992) . The HCN/ 12 CO ratio of 0.25 is higher than the mean (≈ 0.1) for LIRGs and ULIRGs, and one of the highest value among them (Gao, Solomon 2004b ). Gao and Solomon (2004a) show that a large HCN/ 12 CO (≥ 0.1) is likely to come from regions where most of ( > ∼ 50%) molecular gas is high density [n(H 2 ) > 10 4 cm −3 ] based on LVG calculations. We obtain a HCO + /HCN ratio of 1.5 ± 0.1. The typical HCO + /HCN ratio for nearby starburst galaxies and Seyfert galaxies with nuclear starbursts is 0.3 -2 (Nguyen-Q.- Rieu et al. 1992; Kohno et al. 2001) . Therefore, the value in NGC 6240 is within the range for that of starburst galaxies, but larger than the mean value ( < ∼ 1). The high HCO + /HCN ratio would be due to the existence of shocked dense gas, of which the envelope is exposed to the intense ionization flux of the supernovae (Nguyen-Q.-Rieu et al. 1992 , and references therein). The HCO + /HCN ratio of this galaxy will be discussed in a forthcoming paper together with those in the other LIRGs and mergers. The 12 CO/ 13 CO ratio is 21 ± 6.2 at the region between the double nuclei (2.2 kpc × 1.7 kpc). Aalto et al. (1995) found that the mean 12 CO/ 13 CO ratio is ∼ 12 in their survey of infrared-bright galaxies. The ratio in NGC 6240 is thus significantly larger than the mean for starburst galaxies. Some galaxies (e.g., NGC 1614, IC 694) show a high ratio of 12 CO/ 13 CO> 20, and Aalto et al. (1995) suggested that such a high ratio could be reproduced by warm turbulent molecular gas (T > 100 K). They also maintain that a high 12 CO/ 13 CO ratio also implies that the optical depth of 12 CO(1-0) must be moderate [τ ( 12 CO)∼ 1] and that of Figure 5 shows both the 87 GHz (3.5 mm) and 108 GHz (2.8 mm) continuum images obtained using the line-free channels of the visibility data in HCN/HCO + and 13 CO observations, respectively. Unlike the molecular lines, the continuum emission peak is almost located at the southern nucleus. Since the HCN and HCO + maps and 87 GHz continuum map were created from identical uv-data, the difference between the peak positions is real. In the 87 GHz continuum map, the emission extends more than the size of the synthesized beam (3. ′′ 6×2. ′′ 2, which corresponds to 1.7 kpc×1.0 kpc). Figure 6 shows the spectrum of NGC 6240 in the region surrounding the double nuclei (within 10.
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′′ 8×13. ′′ 6, which corresponds to 5.1 kpc×6.5 kpc). The total continuum flux densities at 87 GHz and 108 GHz are 16.6 mJy and 10.8 mJy, respectively. These values can be reproduced well by assuming a single power-law spectrum (S ν ∝ ν α ) interpolated between the cm-wave continuum emission (Colbert et al. 1994 ) and 1.3 mm (228 GHz) emission . The best-fit spectral index is α = −0.81, which is within the range of the spectral indices in both synchrotron radiation from AGN and that from supernova remnants (SNRs) (e.g., Maslowski et al. 1984; Condon 1992) . Therefore, most of our observed mm-wave continuum emission can be explained by synchrotron radiation from an AGN, SNRs, or both, come mostly from the bright southern nuclei, but there are surely some contributions from the northern nucleus. This conclusion supports the discussion by Tacconi et al. (1999) . Thermal free-free emission from star-forming regions are also expected to contribute some degree to the mm-wave continuum emission. Based on Condon (1992) and Kennicutt (1998) , the relation of the thermal free-free continuum flux (S free−free ) and farinfrared luminosity (L FIR ) is expressed as follows:
S free−free mJy = 2.28 × 10
where T e is the electron temperature. Even if we assume all of the FIR luminosity from NGC 6240, L FIR = 4.9 × 10 11 L ⊙ (Sanders et al. 1991) , comes from the nuclear region, then the estimated free-free emission flux from H ii regions at T e = 10 4 K is at most ∼ 7 mJy at 100
GHz. This flux value is smaller than the observed flux at 87 GHz and 108 GHz. Moreover, as can be seen in figure 6, the spectral index between 100 GHz and 228 GHz is significantly smaller than −0.1, which is a typical index for optically thin radio free-free emission. Therefore, the free-free emission contribution on the 100 GHz continuum flux must be less than 7 mJy.
Dense and Warm Molecular Gas between the Double Nuclei of NGC 6240
Intensity ratios between molecular emission lines are powerful tools to probe the physical properties of molecular gas. In this section we compare the observed HCN/ 13 CO intensity ratio with radiative transfer model calculations, to try to constrain the physical properties of the molecular gas between the double nuclei of NGC 6240.
We have compared the observed HCN/ 13 CO ratio with the outcome of radiative transfer model calculations performed by Matsushita et al. (1998) based on the large velocity gradient (LVG) approximation (Goldreich, Kwan 1974; Scoville, Solomon 1974) . The intense emission of the HCN line and high HCN/ 12 CO ratio (0.25) imply that most of the molecular gas is dense between the double nuclei (Solomon et al. 1992; Gao, Solomon 2004a) . HCN emission traces molecular gas at high density [n(H 2 ) > 10 4 cm −3 ], and 13 CO emission is more excited at higher density gas than 12 CO due to its low optical depth. Thus, the HCN/ 13 CO ratio reflects the physical properties of dense molecular gas better than HCN/ 12 CO ratio (Matsushita et al. 1998) . Figure 7 shows the contour maps of the intensity ratio, HCN/ 13 CO, as a function of Z( 13 CO)/(dv/dr) and n(H 2 ), where Z( 13 CO) is the fractional abundance of 13 CO to H 2 and dv/dr is the velocity gradient in km s −1 pc −1 . The kinetic temperature (T kin ) in each map is shown in the top-right corner. In the LVG calculation, the single-component model was employed, and a constant relative abundance of [
13 CO]/[HCN] = 50 was adopted (Solomon et al. 1979; Irvine et al. 1987) . The full description of the LVG calculation is presented in Matsushita et al. (1998) .
As can be seen in figure 7 , the observed high ratio, HCN/ 13 CO = 5.9 ± 1.7, can be reproduced in dense and warm molecular clouds. In the upper two panels showing kinetic temperatures higher than 50 K, the ratio can only be reproduced by dense gas conditions, n(H 2 ) > 10 4 cm −3 . The optical depth of 13 CO emission under the dense and warm conditions is very small (0.01 -0.1) in the panels of T kin = 60 K and 100 K, as suggested by Aalto et al. (1995) .
To explain the high HCN/ 13 CO ratio under a lower gas kinetic temperature (T kin ≤ 40 (Solomon et al. 1979 ) is adopted, a velocity gradient of dv/dr > 10 2 km s −1 pc −1 is needed to meet the extremely small Z( 13 CO)/(dv/dr) value. As we show now, this velocity gradient is, however, too large and unrealistic. We made a simple estimate of the velocity gradient from the 12 CO emission data. Tacconi et al. (1999) reported that, at the peak of 12 CO(2-1) emission, the line width at zero intensity (FWZI) is about 1000 km s −1 in a 0.
Assuming that the 12 CO emission originated from a single molecular clump having the same size as the observed beam, the velocity gradient is nominally estimated to be dv/dr ∼ 3 km s −1 pc −1 . Even if the size of molecular clump were 50 pc (typical for Galactic giant molecular clouds), the estimated velocity gradient would be dv/dr ∼ 18 km s −1 pc −1 , which is still quite smaller than the value above. Therefore, the extremely large velocity gradient as dv/dr > 10 2 km s −1 pc −1 is not realistic. We now discuss the possibility that the 13 CO abundance is quite low. In the calculations for figure 7, a constant relative abundance of [ 13 CO]/[HCN]=50 was used. The HCN/ 13 CO ratio hardly depends on the HCN abundance [Z(HCN)/(dv/dr)] because of the large optical depth of HCN (see figure 6 of Matsushita et al. 1998 ). On the other hand, a low 13 CO abundance can reproduce high HCN/ 13 CO ratios. The "standard abundance" Z( 13 CO) = 1 × 10 −6 is obtained based on observations of molecular clouds in the inner Galaxy (Solomon et al. 1979) . Although the 13 CO abundance at the centers of other galaxies are still not very well constrained, there appears to be little difference between the Galaxy and others (e.g. Henkel et al. 1993 Henkel et al. ,1994 Henkel et al. ,1998 . The galaxy-galaxy merging may cause a low 13 CO abundance in the galactic center. The molecular gas in the disk of merging progenitors are predicted to converge into the centers of each of the original galaxies (Barnes, Hernquist 1996; Mihos, Hernquist 1996) . In the Galaxy, the 12 C/ 13 C abundance ratio becomes larger toward the outer disk than in the Galactic center, but the difference is only a factor of 2 ∼ 5 (Wilson, Rood 1994, and references therein; Savage et al. 2002) . The 12 CO/ 13 CO abundance ratio will not largely differ from that of the 12 C/ 13 C (e.g. Langer et al. 1984) . Thus, the low 13 CO abundance might somewhat contribute to the high HCN/ 13 CO ratio, but the extremely low 13 CO abundance [Z( 13 CO) < 10 −8 ] cannot be realized. Selective dissociation of the 13 CO molecule might play a role, but the abundance of 13 CO is supposed to be affected little (van Dishoeck, Black 1988).
From the above considerations, it seems to be quite reasonable to conclude that the molecular gas is dense [n(H 2 ) = 10 4−6 cm −3 ] and warm (T kin > 50 K) between the double nuclei of NGC 6240. Our results are also consistent with the fact that the analysis of the spectral energy distributions from the infrared to the sub-mm suggests a significant amount of warm (T dust > ∼ 50 K) dust in NGC 6240 (Klaas et al. 1997; Lisenfeld et al. 2000) . To confirm the high-temperature condition of the molecular gas positively, observations of higher excitation 12 CO and 13 CO emission should be performed. It is expected that the 12 CO/ 13 CO ratio in J =2-1 and 3-2 show values smaller than that of J=1-0 (cf. Aalto et al. 1995; Hüttemeister & Aalto 2001 ).
Here, we make a brief comparison of physical properties of molecular gas with those of other starburst galaxies. The observational results of higher excitation 12 CO emission lines (J =7-6/6-5) combined with LVG calculations suggest that, for the central region (r < ∼ 300 pc), the physical properties of molecular gas is n(H 2 ) > ∼ 10 4 cm −3 and T kin > ∼ 100 K in NGC 253 (Bradford et al. 2003 ) and M 82 (Mao et al. 2000; Ward et al. 2003) . Aalto et al. (1997) Aalto et al. (1995) ; they concluded that the molecular gas consists of a dense [n(H 2 ) = 10 4−5 cm −3 ] and warm (T kin > 50 K) medium based on a high 13 CO(2-1)/(1-0) ratio ( > ∼ 2). These previous results imply that the estimated properties of the molecular gas in NGC 6240 are common for starburst and merging galaxies.
Discussion

Dense Molecular Gas and Star Forming Regions
As we have shown in previous sections, NGC 6240 has a large amount of dense and warm molecular gas in the central region. The dense molecular gas distribution, however, does not coincide with that of the massive star-forming regions. Figure 8 shows our HCN map superimposed on the distribution of NIR [Fe ii] (left panel) and H 2 (right panel) emissions. The figure clearly shows that the HCN peak agrees well with the H 2 peak rather than the [Fe ii] peak. The [Fe ii] emission is supposed to be generated in fast shocks from supernova remnants (van der Werf et al. 1993; Sugai et al. 1997) , and is thus supposed to follow the current massive star forming regions. On the other hand, the H 2 emission arise from hot molecular hydrogen excited by large-scale shock rather than UV fluorescence or X-ray heating (Sugai et al. 1997; Ohyama et al. 2003) . The dense gas traced by the HCN and HCO + emissions are concentrated between the double nuclei (see also figure 1), whereas the massive star-forming regions traced by NIR [Fe ii], Paα, and Brγ emission lines are associated with both of the nuclei (van der Werf et al. 1993; Alonso-Herrero et al. 2002; Tecza et al. 2000) . Usually the dense molecular gas is located at current massive star-forming regions in the central region of starburst galaxies and Seyferts (Kohno et al. 1999; Shibatsuka 2004) . This is in contrast with what we have observed in NGC 6240. We provide a possible illustration to explain this discrepancy in the next subsection.
Merging Evolution of Dense Molecular Gas and Star Formation in NGC 6240
Here, we propose a possible scenario to explain the evolution of the molecular gas and star formation in NGC 6240. The origin of the unusual discrepancy between the dense gas distribution and the star-forming regions is also illustrated within it. This scenario is based on our observational results together with those of others and results from numerical simulations of galaxy-galaxy merging. A brief summary of the scenario is as follows: 1) during a galaxygalaxy interaction, dense molecular gas is formed and intense star formation occurs in the circumnuclear regions of each of the merger progenitor galaxies, 2) an almost head-on collision or very close encounter of the nuclei cause the merging of the two dense gas concentrations, 3) the star-forming nuclei can still remain separate while the single dense gas concentration is left behind between them (this is the present view of NGC 6240), 4) a new and intense star formation will begin at some period in the dense molecular gas concentration.
We describe this scenario in more detail following the order of events.
Pre-collision phase: gas accumulation and circumnuclear star formation on each merger progenitor
At the early merging stages, the molecular gas pre-existing in the merger progenitor galaxies accumulate toward their respective galactic centers approaching each other. The gas accumulation probably results in the formation of dense molecular gas and nuclear starburst detected by the NIR observations (e.g. van der Werf et al. 1993) . N-body simulations of galaxygalaxy merging show that gas inflow, driven by gravitational torques, will cause condensations of gas clouds around the nuclei of both original galaxies (Barnes, Hernquist 1996; Mihos, Hernquist 1996; Barnes 2002) . Numerical simulations also predict that the gas accumulation in each of the nuclei probably lead to considerable amount of dense molecular gas formation, which is able to cause star-formation activities within it. For example, in the merging galaxy Arp 299, most of the molecular gas is concentrated toward the nuclei (Aalto et al. 1997) , and the nuclei harbor intense star formation activity (Alonso-Herrero et al. 2000).
Head-on collision and formation of single dense gas concentration
In the course of the merging process, the progenitor nuclei accompanied by dense gas concentration may suffer a nearly head-on collision or very close encounter. In the case that the impact parameter was smaller than the gas concentrations (< 1 kpc), although the nuclei and associated stellar systems can remain gravitationally bounded, the dense molecular gas would be stripped off from the nuclei and form a single molecular gas condensation (e.g. Braine et al. 2004; Struck 1997) . These events ultimately lead the nuclei to be deficient in dense molecular gas, while almost terminating the nuclear star formation.
We apply this to NGC 6240, and try to make a rough estimate of the time-scale of the collision/encounter using the relative velocity and distance between the double nuclei. The projected relative velocity is measured to be ∼ 50 km s −1 from the stellar absorption and ∼ 150 km s −1 from the Brγ emission (Tecza et al. 2000) ; thus, the actual relative velocity is assumed to be on the order of 100 km s −1 . From the 15 GHz continuum image (Carral et al. 1990 ), the projected distance of the double nuclei is 710 pc. If our viewing angle is 45
• , then the actual separation of the nuclei is about 1 kpc. If we adopt 100 km s −1 for the relative velocity and 1 kpc for the distance, it takes about 10 7 yr for the double nuclei to move from the pericenter to the present positions. Tecza et al. (2000) estimated that the actual orbital velocity and separation between the double nuclei are 155 km s −1 and 1.4 kpc, respectively. They are very close to our assumed values. This time-scale is consistent with the age of the nuclear star formation. The latest star-formation activity is estimated to be suspended for 1-1.5 ×10 7 yr ago from the results of the stellar population synthesis based on the optical and NIR spectroscopic observations (Schmitt et al. 1996; Tecza et al. 2000) .
Post-collision phase: present view of NGC 6240
After collision/encounter, the double nuclei leave each other from the pericenter, and the dense molecular gas concentration remains between the double nuclei. Some recently formed massive stars exist around the nuclei, but the major part of nuclear star-formation activities have already faded out because of the deficiency of dense molecular gas. This is the present view of NGC 6240. The molecular gas concentration shows a velocity gradient within it; the north side is redshifted with respect to the south (see figure 3) . This is consistent with the orbital motions of the double nuclei (Tecza et al. 2000) . Tacconi et al. (1999) concluded that the velocity gradient originates from the rotational motion of the gas concentration. In a perfect head-on collision, the merged gas is expected to have no systematic velocity structure. But, in the case of an offset head-on collision or a very close encounter, the orbital angular momentum of dense gas in the pre-collision phase will remain as the rotational motion of the merged gas concentration. In our scenario, the observed velocity gradient can be explained as such rotational motion.
The molecular gas between the double nuclei is not only dense, but also warm. There is no sign of intense massive star formation or prominent AGN activity between the double nuclei, and thus ultraviolet radiation from them should not be a principal heating source. One probable heating source is dynamical energy sources, that is to say, turbulence and shocks. The large velocity width of the molecular emission lines and complicated distributions of molecular gas imply the existence of large turbulence within the dense gas concentrations . Extraordinary bright shock excited NIR H 2 emission has been detected in this object (Sugai et al. 1997; Ohyama et al. 2000; Gerssen et al. 2004) , and the H 2 peak agrees well with that of the dense gas concentration (see figure 8 ). These facts imply that the large turbulence and the intense shocks causes a high molecular gas temperature.
New starburst in dense gas concentration
A brand-new starburst will begin in the dense gas concentration in the near future. Tacconi et al. (1999) estimated the dissipation time-scale for random velocities within the gas concentration to be ≤ 10 7 yr, and suggest that NGC 6240 may experience the next major starburst within the gas concentration. Some external effects on the dense gas might also proceed star-formation. The "starburst driven starburst" proposed by Taniguchi, Trentham, and Shioya (1998) is one of the possible mechanisms. Dense gas clumps can collapse under high external pressure caused by the starburst driven super-wind from the double nuclei (Ohyama et al. 2003) , and massive star-formation will be induced in them. Star formation within the dense gas concentration may have already commenced, but it is very young (≪ 10 7 yr) and suffering from large interstellar absorption because of huge amounts of interstellar medium. There exists a hint that the starburst activity should not be older than several 10 6 yr, if the starburst has already begun. There is no evident sign of strong supernova explosions, because of the weakness of cm-wave radio continuum emission and NIR [Fe II] emission between the double nuclei (Colbert et al. 1994; van der Werf et al. 1993) . Mid-infrared (MIR) spectroscopic observations with the Infrared Space Observatory (ISO) revealed that the star-forming regions in NGC 6240 suffer from large interstellar extinction. The extinction toward the star-forming regions, estimated from the emission line flux ratio between MIR [Ne ii] and NIR Brγ, is A V =15 -20 mag (corresponding to A K ∼ 1.5 -2 mag) in the simplified screen assumption (Lutz et al. 2003 ). This estimation is larger (10 -15 mag in A V ) than the extinction derived from optical and NIR spectroscopic observations (Veilleux et al. 1995; Tecza et al. 2000) . Therefore, the spatial distributions seen even at the NIR wavelength ([Fe ii], Paα, and Brγ emission lines) may not totally trace star-forming regions deeply obscured by the interstellar medium. Although the location of an obscured starforming region has not been identified yet because the ISO aperture (> 10 ′′ ) covers the whole nuclear region of NGC 6240, a young star-forming region may hide in the dense molecular gas concentration between the double nuclei.
Summary
We have carried out high spatial-resolution observations of molecular lines toward the infrared luminous merger NGC 6240 using the NMA and the RAINBOW interferometers. The 12 CO emission peak lies between the double nuclei of this galaxy; our results confirm the previous interferometric 12 CO(1-0/2-1) observations. Our new high-resolution HCN and HCO + observations reveal that the emissions are also peaked between the double nuclei, and are not spatially resolved with our beam size of 2 ′′ . The ratio HCN/ 12 CO is as high as 0.25 in the region between the double nuclei. The 13 CO emission has also been observed, and it turns out to be much weaker than others. The comparison between the high ratio HCN/ 13 CO = 5.9 and the LVG calculations suggests that the molecular gas is substantially dense and warm. The estimated molecular hydrogen density and kinetic temperature are n(H 2 ) = 10 4−6 cm −3 and T kin > 50 K, respectively. These physical properties are similar to those seen at the centers of the nearby starburst galaxies and infrared luminous mergers.
The observed characteristics that most of the dense and warm gas in NGC 6240 is located between the starburst nuclei is very unusual among the infrared luminous mergers observed so far. We propose a scenario to explain the evolution of dense molecular gas and starbursts, and to resolve the discrepancy between their locations in NGC 6240. In our scenario, a head-on collision or very close encounter of the star-forming nuclei caused the merging of dense molecular gas associated with both nuclei. At the present moment, the double star-forming nuclei are still apart from each other, but a dense and warm molecular gas concentration has been left between them. In the near future, a new starburst is expected to commence within the dense gas concentration. Casoli, Dupraz, & Combes (1992) . † All ratios are in brightness temperature scale. (Downes et al. 1993) . The velocity width of each channel is 21.3 km s −1 . The crosses show the peak positions of the 15 GHz continuum emissions (Carral et al. 1990 ). The black rectangle represents a single resolution element in both dimensions. (Carral et al. 1990) . No primary beam correction has been applied. 
